Abstract: Beach-nourishment requirements on the southwestern Spanish coast have led to a significant increase in offshore dredging. Following a new research line, assessment of changes recorded in physicochemical and biological parameters due to dredging and dumping operations was performed at the Cape of Trafalgar and Palmar Beach during June and July 2008. Turbidity, salinity, pH, dissolved oxygen, temperature, and suspended-sediment data were collected at 10 stations. At the end of the study, a three-campaign monitoring program was implemented for 1 year to assess the possible effects on biological communities and sediment properties. The relevant results, such as the average extent of the sediment plume (< 400 m) and its persistence in the environment (< 10 min), are discussed in this paper. A precise correlation between turbidity and suspended sediments and the recovery time of ecological balance were also established. Furthermore, minimal and reversible effects caused by dredging and dumping operations in this type of marine environment were identified.
Introduction
The dredging of marine sandbanks has been the usual technique for the nourishment of nearby beaches along the Spanish coast. Beach nourishment has evolved as the favored erosion-mitigation strategy in many areas of the world. The increasing number of people living on the coast, the safety of those people, and the high values of coastal property are all factors that have made beach nourishment a cost-effective strategy for managing erosion in many locations. Dredging has become increasingly inexpensive, and sand quality is often improved as borrow pits are moved closer to the shore (Kennedy et al. 2010) . To be cost-effective, the optimum location for a borrow pit must be close enough to shore to minimize transport costs yet far enough offshore to minimize negative effects because of the presence of the dredge pit (Work et al. 2004 ).
According to Muñoz-Perez et al. (2003) , a need for the regeneration of beaches in general exists in Spain because of the erosion experienced by most of the coast, which is attributed to the rise in sea level, the retention of sand in dams, occupation of dry beaches by urbanized areas, the removal of sand as a material for building construction, and so on. Unfortunately, the lack of sandbanks off the southwestern Spanish coast has been an ongoing problem for beach nourishment, even with the existence of dunes with an excess sand supply (Muñoz-Perez et al. 2009 ), because of the unprofitable sand-transport costs. This handicap led to the need to find new, alternative sources of sand. These alternatives are sand redistribution on the beach, the use of sand quarries, and the dredging of marine harbors, river mouths, and other marine sandbanks increasingly distant from the coastline. Today, this is possible because current dredges have a greater capacity for dredging at high depths, up to 100 m (Muñoz-Perez et al. 2003) . In this context, dredging and material disposal could be defined as an artificially induced process of erosion, transport, and deposition of sediments. This process has the potential to directly or indirectly produce negative and positive effects on the environment of the dredged and discharge areas and on surrounding areas. Often, legislative and environmental regulations are set to limit the effect of these disturbances, which therefore must be quantified (OSPAR 2003) . According to Winterwerp (2002) , the level of disturbance depends on the amount of sediments released and the overflow procedure, on the hydrodynamic conditions, and on the near-field conditions. Among other activities, the primary sources of anthropogenic open-water turbidity are generally channel-maintenance dredging, the disposal of dredged material, and beach replenishment.
Many studies have been conducted in North America by the U.S. Army Corps of Engineers (USACE) (USACE and USEPA 1992) on maintenance dredging and disposal activities in enclosed waters such as estuaries and embayments, locations where the presence of a high fine-sediment fraction contributes to elevated turbidity. Turbidity is the most important physical change generated in water quality (Goodwin and Micaelis 1984) . With dredging, there may be potential problems associated with sediment plumes such as alterations in water quality of the local environment, both in the dredging and dumping areas (Drucker et al. 2004; Hitchcock and Bell 2004) . According to Barnard (1978) , tides also affect plume dispersion, with plumes extending landward and seaward during the incoming flood tides and the outgoing ebb tides, respectively. In many cases, increases in suspended-sediment concentration (SSC) levels are less than those generated by commercial shipping operations or during severe storms. Storms, floods, and large tides can increase SSC over much larger areas and for longer periods than dredging operations. Therefore, it is very difficult to distinguish between dredging-induced turbidity and that generated by natural marine processes or normal navigation activity (Pennekamp et al. 1996) . Hitchcock et al. (1999) cited numerous dredging-related plume studies from around the world in their report on benthic and surface plumes prepared for the U.S. Minerals Management Service. Both surface and benthic plumes are usually associated with marine disposal of dredged material (open-water pipeline discharges or hopper-dredge releases). Other authors have identified potential effects of turbidity on water quality and organisms in inland bays and estuaries worldwide (Long et al. 1996; Brenon and Le Hir 1999; Robinson et al. 2005) . Aquatic systems are very diverse, dynamic, and changing in time and space. Physical and chemical changes may be produced during and after dredging and dumping of the dredged material (Herbich 1992) . The reported effects include increased turbidity, the reduction of primary productivity, and changes in the structural characteristics of plant communities (Lewis et al. 2001) . In this context, several studies have been conducted elsewhere to determine dredging effects on aquatic flora such as seagrasses (Onuf 1994; Long et al. 1996) , seaweeds (Lyngby and Mortensen 1996) , and phytoplankton (Iannuzzi et al. 1996) . Nevertheless, a review of the pertinent literature indicates a scarcity of existing data concerning the biological responses of fish and shellfish to suspended-sediment dosages commonly associated with dredging projects (Wilber and Clarke 2001) . According to Winterwerp (2002) , the bulk behavior of a water-sediment mixture appears to be of greater importance than the settling velocity of individual sediment particles. Several in situ case studies of this behavior have been reported in the open literature (Teeter 1988; Wolanski et al. 1992) . Most of the studies, however, are either confidential or have been published in reports poorly accessible to interested engineers.
Considerably less research has been conducted in unprotected marine waters, where most of the literature has focused on the effects of turbidity on specific marine species and biosystems or on the transport dynamics of coarse sand rather than on the temporal or spatial characteristics of the resuspension of fine sediment. Few complete studies have been undertaken to quantify turbidity conditions during beach-nourishment activities (CSMW 2004) . The methodology presents a detailed procedure for multidisciplinary environmental studies about the effect of marine dredging and dumping activities. The application of these steps to one case and its interpretation constitute the novel aspects of the present work. Therefore, the main goal of this work is the identification of possible alterations in the physicochemical and biological parameters of unprotected marine waters off the southwestern coast of Spain by using this methodology. Studies were performed during a sandbank dredging project for beach nourishment over the months of June and July 2008.
Antecedents
The coastline of the Gulf of Cadiz has been in recession for at least the past century. Erosion is caused by a negative sediment budget because of the instability of eroded coastal cliff sediments (Anfuso and Gracia 2005) . Analysis of field data and aerial photographs over the past half-century period show that the coastline has suffered a recession rate of approximately 1 m=year on some points of the Spanish Southwest Atlantic coast (Muñoz-Perez et al. 2001) . Because of these erosion rates, the Spanish Coastal Authority of the Ministry of Environment has developed a coastal-protection program based on beach nourishment, sometimes accompanied by supporting breakwater construction (Muñoz-Perez et al. 2001) or the installation of artificial reefs for coastal defense (Muñoz-Perez 2008) . Furthermore, sediment-loss values on this coast were calculated per meter and year by dividing the yearly erosion rate by the beach length; the average value was 37:5 m 3 =m=year (Muñoz-Perez et al. 2001) . These high erosion rates justify dredging activities for beach-nourishment purposes. In fact, Muñoz-Perez et al. (2001) found that a substantial decrease in the replenishment sand volumes in successive restorations performed on certain beaches led to drastic reductions in the yearly erosion rates. In this context, the study area, the coast of the Cadiz province, presents a variety of coastal-engineering and coastal-management problems with difficult solutions (Gomez-Pina et al. 2006) . Thereby, beach-erosion problems have been solved by adding sand to the beaches along the Gulf of Cadiz.
Study Area
The study area includes an offshore borrow site, the Meca sandbank, and a dumping coastline zone, Palmar Beach, both located near the Strait of Gibraltar in southwestern Spain. More precisely, both are located to the west of the Cape of Trafalgar (36°12′ N; 6°05′ W) on the continental shelf that extends off the coast of Cadiz (see Fig. 1 ). In 2008, the spring tidal range was from 0.1 to 2.6 m, in relationship to the hydrographic zero. The average wind velocity was 5:7 m=s, and the maximum velocity was 18:2 m=s. The maximum current velocity was 63:3 cm=s, and the average value was 13 cm=s. The average wave height was approximately 1.15 m with a maximum of 9 m (Fig. 2) . All values are obtained from the same deep water buoy: Gulf of Cadiz (Buoy no. 2342) (Spanish Port System 2008) .
The Meca sandbank is a triangular submerged shelf found between 15 and 20 m depth lying 5 km southwest of Palmar Beach. There are several other irregular formations on the seabed within the study area, such as the reef flat of Conil and the low, rocky Fig. 1 . Location of the study area, including dredging and dumping zones Cape of Trafalgar. Quaternary elements characteristic of the marshes and alluvial deposits appear in the area (Dabrio et al. 2000) . The Meca sandbank has a surface area of approximately 2:5 km 2 and an estimated usable sand volume of 5;000;000 m 3 over the next 10 years. It is thus an important national marine reservoir of medium and coarse sands. This dredging area was selected because historically it has been highly utilized by the Coastal Authority for beach-nourishment purposes. The most important dredging operations on the Meca sandbank in the past decade were for Cadiz and Palmar Beach nourishments (260;000 m 3 in 2004 and 595;000 m 3 in 2008, respectively). Currently, the remaining capacity of the sandbank is estimated at approximately 83%. According to other environmental studies (Ministry of Environment 2003), there was no significant environmental or physical effect to the area because of sand extraction.
Methodology
Dredging and dumping work was undertaken by using a trailing suction hopper dredge (TSHD). The type and characteristics of the dredge used are detailed in Table 1 .
The dredging and beach-nourishment work began in June 2008 and was finished in July 2008, a period of 8 weeks. A preoperational campaign was performed to determine the resulting environmental effects on the Meca sandbank and Palmar Beach. This was useful in determining the water quality of the environment in the absence of dredging work. Afterward, seven campaigns were conducted weekly, developing studies of different physical and chemical parameters in the water column and sediment properties. All field campaigns during the works were developed under similar marine weather conditions because the TSHD cannot operate in waves more than 1.5 m. Finally, after the work was completed, three postoperation campaigns were performed (3, 6 and 12 months later) to assess the effects on the environment and sediments.
Ten sampling stations were used in the study area: four sampling stations were established at the dredging zone (1;000 × 500 m) and six other stations were located in two profiles in the discharge area at depths of 2, 5, and 10 m (Fig. 3 ). All stations were located by means of a differential global-positioning system (DGPS) with a 1-cm precision. The location of monitoring stations was taken into account when designing the fieldwork plan. It is evident that the number of sampling stations, the type and frequency of chemical analysis, and the media analyzed are important considerations even for small-scale dredging events (Lewis et al. 2001 ).
Physicochemical Water Quality
Several physicochemical water-quality parameters were determined in situ before and during dredging and dumping activities at the aforementioned 10 sampling stations. The following parameters were recorded continuously: turbidity, salinity, pH, dissolved oxygen, temperature, and redox potential. Portable analytical instrumentation was used for these measurements (Hydrolab DS-5X multiparameter); the values were determined throughout the water column at all stations (UNE 1999) . This instrumentation has a precision of AE0:1 nephelometric turbidity units (NTU) for the turbidity parameter. Water samples were taken in Ruttner and Niskin oceanographic bottles (volume 2 dm 3 ) and were stored at 4°C until use for later chemical analysis. Subsequently, the SSC (mg=L) was determined in the laboratory by a gravimetric technique (UNE 1999), with a detection limit of 2 mg=L and a precision of AE1 mg=L.
Furthermore, as a qualitative technique, the turbidity plume was analyzed by using aerial photographs taken from a remotecontrolled zeppelin. This technique permitted demonstration of the expansion and durability of the turbidity plume on the sea surface when the dredging work was finished. Photographs were taken before and during dredging operations. Later, 10 photographs were taken each minute after the operations. Color photographs depicted plumes ranging in length from tens to hundreds of meters.
Marine-Sediment Identification
Grain size is one of the most important sediment particle properties. Sieve analysis is known to be an essential technique for classifying materials and sedimentary environments. It is, therefore, a widely used methodology in the field of coastal engineering. Grain size is related to the tendency of sediments to remain in suspension (Black and Parry 1999) .
Sediment samples were collected at each of the 10 stations before and after operations (3, 6, and 12 months). Sediments were taken from the dredge with a stainless-steel Van Veen grab (surface area: 400 cm 2 ), capturing a ∼10-cm thickness. Afterward, sediments were analyzed by granulometric and statistical studies in the laboratory. The material was sieved over the range of 2 to 0.075 mm (i.e., 2-, 1-, 0.5-, 0.355-, 0.250-, 0.125-, and 0.075-mm sieves). Size fractions are indicated in millimeters and phi units. The particlesize distributions and total organic carbon (TOC) contents of the sediments were determined by using techniques described in the ASTM published methods (1992). Graphical distributions were standardized for each sample, and inherent sediment values, such as the median diameter (D 50 ), were obtained. Additionally, other essential values were calculated for littoral protection against coastal erosion, i.e., the mean grain size (M Φ ), the SD, the symmetry degree (skewness), and the peakedness degree (kurtosis) according to USACE (2008) . These results enabled the calculation of cross-shore and along-shore sediment transport at the beaches along with depth of closure, Dean's profile, Vellinga's profile, and several other parameters useful in coastal engineering.
Benthic-Community Characterization
Benthic-community characterization was performed both in the dredging area (at the same four monitoring zones: T1, T2, T3, and T4) and in the dumping area bottom (two monitoring zones: E4 and E5) on the biocenosis of calm-water infralittoral, photophilic communities. The aim was to assess ecological evolution Fig. 3 . Locations of dredging (T) and dumping (E) stations in the sedimentary and rocky-bottom zones in both study areas. This assessment was undertaken by the identification of several biological indexes, i.e., density, diversity, equitability, dominance, and complexity (Lloyd and Ghelardi 1964) .
To perform a comparative study, the same monitoring stations were used in the first preoperational campaign and in the following postoperational campaigns (at 3, 6, and 12 months). A total of 14 biological samples were collected: eight in the dumping area (six in zone E4, a rocky platform, and two in E5, the intertidal sandy zone) and six in the dredging area (in zones T1-T4).
Within the dredging area, a sampling was performed at the sea bottom by using indirect tools, such as the Van Veen grab. Biological samples were sieved by using a 1-mm sieve. Afterward, they were immediately labeled and fixed in a 96% hexamethylenetetramineneutralized alcohol solution. Several drops of Rose Bengal were added to the formol solution to aid in the identification of living organisms.
The sampling methodology performed in the dumping area consisted of the sampling of 1-m 2 surface segments to quantify changes in the organismal abundance and distribution. At each station, four subsamples of 0:25 m 2 each were taken to perform a taxonomic analysis in the laboratory. Ecological indexes such as the Shannon diversity, dominance, density, and percentage of coverage were calculated. This investigation will be extremely useful in determining the ecological environmental quality and allow for its monitoring.
Results and Discussion

Hydrological Characterization
Several physicochemical parameters were determined in all water columns at the 10 sampling stations, preoperationally and during dredging and dumping activities.
In case of the turbidity parameter, it was determined first in natural conditions (the preoperational campaign). Normal turbidity concentrations ranged from 0 to 8 NTU. The maximum value was recorded at middepth (8 and 11 m) in the dredging zone and minimum value (1 NTU) at the surface. During this phase, the climatological conditions were a wind velocity ∼25 km=h, an averaged current velocity of only 13 cm=s, and waves from the west at heights ∼1 m (Spanish Port System 2008). Generally, overspill from spillways, screening, and open-water disposal generates a far greater quantity of suspended material and larger plumes than bottom disturbances (CSMW 2004) . However, it is difficult, if not impossible, to confidently separate anthropogenic modifications from natural evolution (Giardino et al. 2009 ).
During the dredging operations, there were seven additional weekly campaigns. All these results showed average values of 1.2 NTU and maximum values of 1.6 NTU at À7:8 m depth and 3.2 NTU at the surface. During the seven campaigns, the average values of the meteorological conditions were milder than during the preoperational campaign (wind velocity: 10-24 km=h; wave height: 0:6-0:9 m; and current velocity: 13-40 cm=s; see Table 2 ).
In addition to these measurements, a temporal and spatial study was performed on the surface of the dredging zone during the first campaign (Fig. 4) . Note that the maximum isolated turbidity values of approximately 3 NTU were identified at 0∶00, 1∶50, and 5∶30 min. Turbidity decreased with time and returned to natural conditions approximately 9 min afterward.
In Port Phillip Bay (a semienclosed tidal embayment) in southeastern Australia, turbidity concentrations in the sediment plume in the first 20 s after dredging were two to three orders of magnitude higher than in natural concentrations (Black and Parry 1994) , and approximately 98% of the sediment in the plume was redeposited within 30 min at Portarlington (Black and Parry 1999) .
In the spatial scale, near the dredging zone (< 50 m) the maximum turbidity value was 3 NTU, with other high values at 140 m (2.7 NTU) and 230 m (1.8 NTU). These alternative maximum and minimum values are most likely because of the existence and movement of different plume loops on the fixed measurement station and the existence of a strong current velocity in the surface, around 40 cm=s. Between 250 and 400 m, far from the dredging zone, turbidity values were normalized and similar to the preoperational campaign (0-1 NTU). The spatial evolution of turbidity was similar to a decreasing polynomial curve. A qualitative assessment of the plume dispersion is shown in the aerial photographic sequence (Fig. 5) .
According to the data collected (Fig. 4) and the aerial images taken during and after dredging (Fig. 5) , the turbidity plume on the surface had a maximum length of 400 m and an average persistence of approximately 9 min after dredging activities.
Numerous other observations and models made by the USACE (1992) support the conclusion that dredging plumes are localized and of short duration, with a benthic plume extending 700-730 m downcurrent from the dredge. Similar studies have demonstrated that most dredging-induced turbidity plumes are localized, spreading less than a 1,000 m from their source; the plumes are short lived, dissipating to restore ambient water quality within several hours after dredging is completed (CSMW 2004) . These results are characteristic of both offshore operations and those in enclosed waters. Generally, beach-nourishment projects on high-energy beaches quickly equilibrate with the current wave regime. Finer sediments are promptly winnowed from the nourishment material, causing only a short period of elevated turbidity (Parr et al. 1978) . In another study of beach nourishment on North Carolina beaches during 2001 and 2002 (Versar 2004) , it was concluded that plumes caused by sand placement and dewatering on the beach face were small, short-lived, and did not create large increases in turbidity over background conditions. Nonetheless, it is generally agreed that turbidity that results from placement of sand on the beach face in beach-nourishment projects is even more localized and transitory than that during offshore or enclosed-water operations. In some studies (Versar 2004) , elevated turbidity was rarely observed outside the surf zone and was not discernable from normal turbidity caused by waves in the surf zone. In another study (CSMW 2004), elevated turbidity was limited to a narrow swath in the swash zone in the immediate vicinity of the operation. These results are largely attributable to the use of borrow material that is low in clay and silt and resembles the native beach sand as closely as possible. In the dumping zone, turbidity values ranged between 0 and 10 NTU in the preoperational stage for all stations and the entire water column. For the following seven operational campaigns, the fixed stations showed that the turbidity had an isolated maximum value of 25 NTU at the surface and average values approximately 3 NTU throughout the water column (Fig. 6) .
According to the World Health Organization (WHO 1998) of the European Union, with respect to the quality of potable water intended for human consumption, the turbidity level for surface water must be a maximum of 1.0 NTU at the exit of the watertreatment station. According to Ruffin (1998) , the turbidity in a shallow water estuary in the Chesapeake Bay (Maryland) generally ranged from 28 to 121 NTU.
In general, no significant changes from their natural values were detected for the other physicochemical parameters (Table 3) .
The averaged dissolved oxygen data show saturation values of approximately 111% in the dredging and the dumping zones in the preoperational stage for all stations and the entire water column, with SDs of 1.97 and 2.57%, respectively. For the following seven operational campaigns, the average dissolved oxygen values were on the order of 112.5%, with SDs of 0.22 and 0.87%, respectively. Nevertheless, a progressive decrease in dissolved oxygen with depth (À2%) was observed in the dredging zone, with constant values in the dumping zone of ∼113%.
In the case of redox potential, the average values were very constant in the entire water column, with average data values of approximately 325 mV in the dredging zone and 305 mV in the dumping zone in the preoperational stage for all stations. For the remaining operating campaigns, the mean values were The hydrogen potential (pH) showed the most constant value in the entire water column and throughout all the campaigns. In the preoperational stage, the average pH values in the dredging and dumping areas were between 8.27 and 8.37 (AE0:1); the average pH values were very similar for all operational campaigns (AE0:04).
The salinity parameter was recorded in the dredging area during the preoperational stage, showing an average value of 36.81‰. Afterward, throughout the operational campaigns the average salinity value was ∼37:48‰ with an SD of 0.05‰. Around the dumping zone, the average salinity was 36.8‰ in the preoperational stage and 37.52‰ in the operational stage, with an SD of 0.05‰. For all stations, the maximum temperature was 17.42°C in the dredging zone and 18.80°C in the dumping zone on the sea surface during the preoperational stage. These values decreased with 10-m depth in the order of 0.5°C approximately. After 10 m, the temperature remained constant at approximately 16.90 and 18.18°C, respectively. During the operational campaigns, the minimum temperature increased between 1 and 2°C on the sea surface in the dredging and dumping zones. Moreover, the temperature decrease with depth was generally more in the first zone than in the dumping zone: 1.5 and 0.5°C, correspondingly. Nonetheless, the temperature decrease with depth was quite different at the same station depending on the day and deep ocean currents. Table 4 shows the SSC (in mg=L) for all the stations in the dredging and dumping area in the natural stage of environment and all operational campaigns.
The SSC values obtained in Meca sandbank were very low (< 2 mg=L), almost always below the detection limit. Significant values of SSC of approximately 8 and 15 mg=L were only observed at depths of 2 and 5 m at the E4 and E5 profiles in the dumping area near the nourished beach. These values were one order of magnitude more than natural concentrations. Generally in this case, natural values during the preoperational campaign were very similar to the operational values obtained during the nourishment activities. Sea conditions (current velocity and wave height) seem to have had an important weight on the collected data and on interpretation of the results (Table 2 ). In other cases (CSMW 2004) , SSCs were equivalent to natural levels during storms. Poststorm monitoring of the swash, surf, and near-shore zones indicated that beach sediments at both recently filled and undisturbed beaches were equally susceptible to resuspension. In the swash, surf, and near-shore zones adjacent to the newly restored beaches, SSCs were generally comparable to or slightly higher than those at undisturbed reference beaches. Only in a few samples from the swash zone of the nourished beach were SSCs markedly elevated (Burlas et al. 2001 ). According to Barnard (1978) , SSC rapidly decreases with increasing distance downstream or downcurrent from the discharge point and laterally away from the plume centerline because of settling and horizontal dispersion of the suspended solids.
According to Ruffin (1998) , the values of turbidity (x) and total suspended solids (y) are closely correlated and can be described by the equation y ¼ 2:127x þ 1:639, with a correlation coefficient of R 2 ¼ 0:968. In this case, the SSCs were in concordance with the low turbidity values. The equation relating them is reflected by the linear regression SSC ¼ 0:563ðNTUÞ þ 1:126 in the scatter plot (Fig. 7) , with a correlation coefficient of R 2 ¼ 0:936. In contrast with Ruffin (1998) , the elevated sand size and minimal percentage of silt and clay in the Meca sandbank sediment resulted in a much reduced concentration of suspended solids.
Marine-Sediment Characterization
Generally, during the preoperational campaign, the sediment characterization in the dredging and dumping zones showed average values of medium and coarse sands (D 50 ¼ 0:33 mm), with a , indicating a medium sand size with a fine content between 0.6 and 3.1%. There were a few samples (E5 and T3) with a D 50 of 0.45 mm, but, in both cases, the sands had a medium size mode. All the values obtained for the different parameters and campaigns can be observed in Table 5 . For an easy comparison of borrow sand and native beach sand, selected plots of size distribution are shown in Fig. 8 . In the preoperational campaign, the SD obtained (the sorting index) indicated that the sediments of the E4 station were well classified. The remaining sediment samples were moderately well classified except for the E5, T3, and T4 samples, which were moderately sorted (USACE 2008) . In the following postoperational campaigns, the sorting indexes indicated that the sediment samples T3, T4, and E5 were moderately sorted. Samples T1 and T2 were moderately well sorted, and finally, sample E4 was very well sorted.
The skewness index obtained in the preoperational stage indicated a wide range of symmetry values for the sediments present in different stations. Sediments from station E5 followed a symmetrical distribution, whereas the T1, T3, and E4 samples had a fine-skewed distribution. This indicated that there was a tailing out toward the fine sediments (USACE 2008) . Finally, the sediment of the T2 sample showed a very fine-skewed distribution and T4 showed a very coarse-skewed distribution (indicating more outliers in the coarser sediments). In the postoperational campaigns, the averaged skewness index indicated that generally all stations showed a coarse-skewed distribution. The T3 sample showed a very coarse-skewed distribution.
The proportion of oxidizable organic matter in the sediment was very low, with an average value of 0.97% and a maximum value of 1.50%. During the posterior monitoring campaigns, the average value of organic matter was 1.13% with a maximum value of 1.70%.
The content of fine organic matter was very low for all stations, with an average value of 0.98% and a maximum value of 1.81% in the preoperational stage. During the next campaigns, the organic matter had an average value of 1.68% and a maximum value of 3.10% at the T2 and T4 stations 12 months after the dredging activities.
The percentage of sediment remaining in suspension with time depends predominantly on the relative proportions of each grainsize fraction in the local bed sediments (Black and Parry 1999) . The fine particles in a plume are advected by the current and also undergo settling. Coarser sediments will be transported a lesser distance away from the point of discharge (CSMW 2004) . Noncohesive sediments, or those greater than sand size (> 2 mm), are generally considered to fall to the seabed immediately (Hitchcock et al. 1999) . The duration of turbidity in water is largely based on the falling velocity of the sediment particles. Falling velocity depends on size, shape, density of the particles, the fluid density, viscosity, and several other parameters. When a particle falls through water, it accelerates until it reaches its falling or settling velocity. This is the terminal velocity that a particle reaches when the (retarding) drag force on the particle just equals the (downward) gravitational force (USACE 2008) .
In the case of the Meca sandbank and Palmar Beach, the medium-sized sand (0.33-0.45 mm) and marine conditions in the area suggest a dispersion time of approximately 9 min within a surface plume of 400 m. In this sense, according to Muñoz-Perez et al. (1999) , the quick disappearance of coarse and very fine sand is related to the response of these fractions to wave-induced current effects. According to Vanoni (1975) , the theoretical falling velocity of sediment particles composed primarily of quartz (i.e., medium-sized sand approximately 0.33 mm) is approximately Fig. 8 . Sediment distribution by using semilog paper: Stations T3 and E5 (during the preoperational stage and 3 months after works) 
Benthic-Community Characterization
This investigation monitored various ecological indexes in the dredging and dumping zones to determine the ecological environmental effects (differentiating the sedimentary and rocky zones). The results obtained from submarine biosphere monitoring are shown in Table 6 . In the preoperational stage, the values obtained for the number of species, diversity, and complexity are very low (a range of 1 to 5) compared to how these indexes would be for this kind of marine environment (Gonzalez et al. 2008) . The submerged Meca sandbank always displays harsh dynamic conditions for benthic communities because of its mobile and unconsolidated nature. These features account for the natural low biological diversity of the ocean floor in this area (Ministry of Environment 2003). The results obtained in the dumping area for the subsequent campaigns, although low, can be considered within the normal range for all campaigns because a decrease was not observed. Moreover, an absence of organisms was observed in the dredging area at T3 and T4 zones after 3 months. This decrease was expected after the extraction because of the removal of the surface layer of sand inhabited by the biota. Nevertheless, the values obtained in the extraction area exceeded those obtained in the preoperational stage. This suggests, in biological terms, a complete recovery of the biological community at all stations after 6 months.
Sedimentary area results are as follows: • Communities located on natural sedimentary substrata showed a low degree of development in both dredging and dumping areas.
• A minimum decrease of ecological richness was identified in the dredging area after the sand extraction.
• A complete recuperation of the dredging area was observed 6 months after the dredging. • In the dumping area, disturbances in the benthonic communities during the operations were considered minimal, recovering biological equilibrium 1 year after the operation. Rocky-area results are as follows: • A medium degree of development was observed in the preoperational states of the biological communities.
• A decrease in ecological fragility was identified in the coastal areas, 6 months after the operations. This decrease was probably because of the disappearance of certain algal species during the summer season (Raffaelli and Hawkins 1999 ).
• The ecological indexes were similar to those obtained during the preoperational state at all the monitoring stations 1 year after the operations. This finding suggests that the disturbances produced in the rocky-area biological communities were assimilated by the marine environment during this period and their ecological states were completely recovered.
Conclusions
The Spanish Coastal Authority recently completed one of the largest beach-nourishment projects of the past decade, placing 595;000 m 3 of medium-sized sand sourced from the Meca sandbank along 4 km of the high-energy El Palmar Beach (southwest Cadiz). Dredging and dumping operations were monitored in this study following a new research line. The methods were aimed at assessing several physical and chemical parameters before, during, and after the operations at the various dredging and dumping areas. Thus, turbidity, SSC, salinity, dissolved oxygen, pH, temperature, redox potential, sediment quality, and ecological variables were recorded to determine the environmental effects. After a spatial and temporal turbidity study, it was concluded that turbidity decreased with time, reaching natural conditions approximately 9 min after the operations. Turbidity values became normalized at a spatial scale between 250 and 400 m away from the dredging zone. These results evidenced that dredging activities resulted in a minimal effect on water quality. Because of the low turbidity values recorded at all fixed stations, the turbidity plume had no significant temporal or spatial dispersion. In this sense, sea conditions (current velocity and wave height) seem to have important effects on data collection and the interpretation of results.
During the dredging and nourishment operations, SSCs in the surf zone ranged from < 2 to 15 mg=L; they were also analogous to those collected in the preoperational phase. In addition, salinity, pH, dissolved oxygen, temperature, and redox potential showed no abnormal variations from those found in normal conditions. Dredging effects on aquatic flora were determined to be reversible. After the operations, ecological indexes were similar to those obtained during the preoperational state for all the monitoring stations, suggesting minimal disturbances to the sedimentary and rocky biological communities. These ecosystems completely recovered their ecological states 1 year and 6 months after the operations for the sedimentary and rocky biological communities, respectively.
As a general conclusion, the dredging and discharge of sand did not increase the overall turbidity of the waters and sediments that were studied. Moreover, these works did not worsen the quality of the hydrological and ecological environment. The high erosion rates identified on this coastline and the minimal environmental effect resulting from the dredging activities conducted during this research, appear to justify the use of dredging activities for beachnourishment purposes. As a result, useful social benefits have been derived from its use.
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